Energy levels and oscillator strengths have been calculated for the fine-structure transitions among the levels of the (1s 2 ) 2s 2 2p 2 , 2s2p 3 , 2p 4 , 2s 2 2p3s, 2s 2 2p3p, and 2s 2 2p3d configurations of Ni XXIII using the graspVU and FAC program. The extensive configuration interaction and relativistic effects have been included while generating the wave functions. The results are compared with other recent theoretical estimates, and their accuracy is assessed.
Introduction
Emission lines of C-like ions are highly useful for diagnostics of solar, astrophysical and fusion plasmas, the interpretation of which requires the knowledge of atomic parameters such as: energy levels, transition probabilities, collision strengths and rate coefficients. Therefore, a number of researchers have reported such data over the past two decades.
Fawcett has performed elaborate calculations for a very large number of transitions, including those among the 2s 2 2p 2 , 2p 4 , 2s 2 2p3p, 2s2p 2 3s, and 2s2p 2 3d (even), and 2s2p 3 , 2s 2 2p3s, 2s 2 2p3d, 2s2p 2 3p, 2p 3 3s, 2p 3 3d, and 2s 2 2p4s (odd) configurations [1] . He has used the Hartree-Fock relativistic (HFR) program, and included the configuration interaction (CI). Another calculation available in the literature, the reduced configurations of 2s 2 2p 2 , 2s2p 3 , 2p 4 , 2s 2 2p3p, 2s2p 2 3s, and 2s 2 2p3d, is by Zhang and Sampson [2, 3] . Also CI was included in their calculations. Aggarwal et al. have employed the fully relativistic Dirac atomic R-matrix code (DRAC) of Norrington and Grant for their calculations [3, 4] . The CIV3 code was also used to obtain similar results [5] .
For our calculations we have used the graspVU package (a general-purpose relativistic atomic structure package), which is a modification and extension of the GRASP92 package by Parpia, Froese Fischer and Grant. To generate the wavefunctions, the extended average level (EAL) was our option, in which a weighted (proportional to 2J + 1) trace of Hamiltonian matrix is minimized. This produces a compromise set of orbitals describing closely states with moderate accuracy. Also, as in the calculations by other workers, we have included CI among the above basic six configurations. Further relativistic corrections arising from the Breit interaction and QED effects have also been included. Furthermore, in order to assess the accuracy of our results we have performed parallel calculations using the flexible atomic code (FAC) of * corresponding author; e-mail: hufengscu@139.com Gu [6] . This is also a fully relativistic code which provides a variety of atomic parameters, and yields results comparable to grasp, as already shown for three Mg-like ions by Aggarwal et al. [7] . Thus results from FAC will be helpful in assessing the accuracy of our energy levels and radiative rates.
As is well known, nickel is an important impurity element in fusion reactors, and many emission lines of its ions have been observed in solar plasmas. So in our previous paper, we have reported the results between Ni XIX and Ni XXVII [8] . Though we have obtained some for Ni XXIII (only k α and K β transitions), systematic calculations on carbon-like nickel are still fragmentary. It is essential to study the properties of these lines in detail, so our investigation is motivated by the need for accurate transition data in a variety of scientific applications.
Methods
The EAL version of the multi-configuration DiracFock (MCDF) method is used to calculate the transitions. The theoretical basis of our present computational approach has been widely discussed elsewhere [9] [10] [11] [12] . Hence we only repeat the essential features here.
The GRASPVU Package is based on the MCDF method. In the MCDF method the atom is represented by atomic state functions (ASF), which are a linear combination of configuration state functions (CSF)
where the CSF Φ(αJ) are antisymmetrized linear combinations of relativistic orbital products of the form
Here k is the relativistic angular momentum, P nk (r) and Q nk (r) are the large and small component radial wave functions and χ km (r) is the spinor spherical harmonic in the LSJ coupling scheme. The CSF are constructed from one-electron orbitals, according to the well-known rules of symmetry (parity and angular momenta) (Grant et al. 1980 ). The goal is a systematic approach, where all important contributions are included. This allows for monitoring the convergence of different properties and plausible estimates of uncertainties. The foundation of the method is an active set of orbitals, which is used to generate all possible CSF. The size, and thereby the accuracy, of a certain approach is therefore defined by the size of the active set of orbitals. It is thus straightforward to define a systematic approach, by just increasing the orbital set in a systematic fashion. The Dirac-Coulomb Hamiltonian can be written as
All the dominant interactions in an N -electron atom or ion are included in the Dirac-Coulomb Hamiltonian. In Eq. (3), the first term is the one-body contribution for an electron due to the kinetic energy and interaction with the nucleus. The two-body Coulomb interaction between the electrons comprises the second term. Higher order modifications to Eq. (3) due to the transverse electromagnetic interaction and the radiative corrections are treated via perturbation theory.
This work was performed using an expansion of configuration interaction based on the MCDF method. To build a CSF expansion, the restrictive active space methods were used. The idea of the active space methods is to consider only electrons from the active set and to excite them from the occupied orbitals to unoccupied ones. The orbital was increased systematically in order to monitor the convergence of the calculation. Since the orbitals with the same principal quantum number n often have similar energies, the active set is usually enlarged in steps of orbital layers. It is convenient to refer to the {1s, 2s, 2p, 3s, 3p, 3d} set of orbitals as the n = 3 orbital layer, {1s, 2s, 2p, . . . 4s, 4p, 4d, 4f } as n = 4, etc. Larger orbital sets can result in a considerable increase of computational time required for the problem, and appropriate restrictions may be necessary. Based on above calculation method, we considered the active space consisting of all the orbitals in the set with principal quantum number n = 1-5 and l = s to f . All electrons were treated as reference configurations throughout the present calculations.
Succeeding the generation of the CSF sets, we perform angular integrations for the matrix elements of the many-electron Dirac-Coulomb Hamiltonian. To generate initial estimates for radial orbitals, we used a ThomasFermi potential. The optimizations were carried out layer by layer to obtain the orbitals requested in next CI calculation. In this scheme, first we optimized the orbitals with n ≤ 3 in the reference CSFs. Then we optimized the orbitals for n = 4 layer and keep the n ≤ 3 orbitals fixed. With this scheme we optimized n = 6. The optimization is on the (2J + 1) weighted average of all fine structure levels belonging to an LS term and the driven to convergence with the self-consistency criteria set to 10 −8 . In the EAL calculation where states of different angular momentum J and parity are obtained simultaneously, we use the block structure of the Hamiltonian matrix. Since both J and parity are good quantum numbers and the basis functions are already eigenstates of these quantities, it is preferable to re-arrange the order of the basis functions so that all the states with the same J and parity are grouped into a particular block.
After obtaining the set of radial functions, relativistic configuration interaction calculations were carried out to determine CSF expansion coefficients by diagonalizing the Hamiltonian matrix that included the frequency--dependent Breit interaction, vacuum polarization and self-energy correction. In this implementation of the RCI program an iterative Davidson method was used together with a spare matrix representation allowing for large expansions.
Finally, the mixing coefficient was transformed from the block format to non-block format, and then the initial and final state orbital sets were transformed to become biorthogonal. Then we can compute oscillator strengths, line strength, transition probability between biorthogonal states and each matrix element can be evaluated by the standard Racah algebra. The graspVU results obtained with the inclusion of Breit and QED corrections are listed in Table I . In order to become closer to NIST energy, the results without the correction of Breit and QED were not taken into account. This is because the effect of the inclusion of Breit and QED corrections on the energy levels is limited to < 0.01%. From Table I , we can see that our results are in a good agreement with NIST. It may be noted that our results from graspVU are higher up to 2.08% -see level 6. The calculation did by FAC differ from the NIST compilation by up to 3.1%. So the energy of level 6 should be checked for another theory or a new experiment. This is because the present calculated energy differences are less than 1%. This situation of energy order is frequently encountered in all theoretical calculations, especially when the energy separation of the levels is very small. Furthermore, in the absence of definitive experimental level energies in most of the cases, a correct energy order cannot be confirmed. In any event, it does not affect the computed values of the oscillator strengths.
Results and discussions

Energy levels
The energy levels of Tachiev from the MCHF code are, in general, comparable in both magnitude (within 9%) and orderings with those of NIST and our calculations from graspVU. It may also be noted that like our calculations from graspVU, no adjustment of Hamiltonian matrices have been made by them. Their energy level of 1s 2 2s 2 p 2 1 S 0 is anomalous, as it is up to 9.6% higher than the experimental compared to 3% for graspVU and 2% for FAC, although the difference is only 62550 cm −1 . From Table I , we can include that the MCHF results are a little higher than the experimental results from NIST. From Table I , we can see that the new MCDHF results are in a good agreement with the NIST results, the biggest difference is only 0.31%. Our graspVU and FAC results agree well with the new MCDHF results (within 1%).
In our calculations from FAC we have included all possible combinations of the n = 2 and n = 3 configurations, in addition to 1s 2 2s 2 2p4l, 1s 2 2s 2 2p5l, 1s 2 2s 2 3l4l, 1s 2 2s 2 3l5l and inner excitation. The results obtained from this calculation are listed in Table I . Differences between the two sets of calculation from graspVU and FAC are within 1% for a majority of levels, except for 1s 2 2s2p 3 1 P 1 which is up to 2%. But there are no major differences between our calculations from graspVU and FAC, in both magnitude and ordering. Based on these comparisons, we may confidently state that the present calculations from graspVU and FAC are probably accurate.
Radiative rates
The absorption oscillator strengths (f ij ) and radiative rate A ji (in s −1 ) for a transition i → j are related by the following expression:
where m and e are the electron mass and charge, respectively, c is the velocity of light, λ ji is the transition energy/wavelength in Å, and ω i and ω j are the statistical weights of the lower i and upper j levels, respectively. Similarly, the oscillator strength f ij (dimensionless) and the line strength S (in atomic unit, 1 a.u. = 6.460 × 10 −36 cm 2 esu 2 ) are related by the following standard equations: For the electric dipole (E1) transitions:
For the magnetic dipole (M1) transitions:
For the electric quadrupole (E2) transitions:
For the magnetic quadrupole (M2) transitions: Table II , we present E1 radiative rates (A ji in s −1 ) and oscillator strengths f ij , in length form only, for the transitions among the 46 levels of Ni XXVII, and those radiative rates ≤ 10 −6 s −1 were not listed in Table II . All the oscillator strengths and radiative rates were calculated by the graspVU code. The indices used to represent the lower and upper levels of a transition have already been defined in Table I Table III . Here Am and Aq are short for magnetic dipole and electric quadrupole transition probabilities.
In general, for the forbidden transitions involving the 3 P , 1 D and 1 S terms, the similarities and differences can be summarized in the following way:
(1) There is a general agreement between the values of NR, CKD, graspVU, MCHF and NIST. The results are no major differences in both magnitude and ordering.
(2) For 3 P 1 -3 P electric quadrupole transition probabilities, the difference for CP and CP* are significant and sizeable. These must be attributed to the primary cause for the difference in the values obtained. Finally, in analyses of these data it appears that the results obtained will depend on whether included in the wave function calculations, are the corrections effects including those outside the complex which are significant for the first several ions, the number of configurations considered, the relativistic results, and the energy level values used. Though our results are in a good agreement with others, they still needed to be improved by obtaining the experimental energy level values.
Conclusions
In this paper we have reported the oscillator strengths as well as the radiative rates for transitions among the (1s 
